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A Modulation Doped Thyristor and Complementary Transistor Combination for a 
Monolithic Optoelectronic Integrated Circuit 



BACKGROUND OF THE INVENTION 



L Field of the Invention 

This invention relates to the field of semiconductor heterojunction devices and, in 
particular to a semiconductor structure which utilizes an inversion channel created by 
modulation doping to implement thyristors, transistors, optical emitters, optical detectors , 
optical modulators, optical amplifiers and other opto-electronic devices. 

2. State of the Art 

This invention builds upon the existing device structure known as the Pseudomorphic 
Pulsed Doped High Electron Mobility Transistor (Pulsed Doped PHEMT) and sometimes 
referred to as the Pulsed Doped Modulation Doped Field Ejffect Transistor (Pulsed Doped 
MODFET) or the Pulsed Doped Two Dimensional Gas Field Effect Transistor(Pulsed Doped 
TEGFET). GaAs/InGaAs/ AlxGai-xAs has been the III-V material system of choice for these 
devices because of the ability to grow high optical/electrical quality epitaxial layers by MBE 
(molecular beam epitaxy). However, relatively new wideband semiconductors such as GaN 
are also promising candidates since quantum wells are easily formed. PHEMTs are now in 
constant demand as the fi-ont end amplifier in wireless and MMIC applications and they have 
become well recognized for their superior low noise and high firequency performance. 

The PHEMT has been very successful in producing microwave transistors that operate 
well into the multi-gigahertz reghne, initially being used extensively in military systems and 
now finding their way into commercial products, particularly in the area of cellular 
communications. There are a multitude of advantages to be gamed by the use of optical 
signals in conjunction with electrical signals in the high firequency regime. Combining 
electronic with optoelectronic components monolithically gives rise to the concept of the 
optoelectronic integrated circuit (OEIC). In general, monolithic integration has proven to be 
difficult because of the very dissimilar nature of the structures of electronic devices such as 
the FET on the one hand and the optoelectronic devices on the other hand such as the junction 
diode laser and the MSM or PIN diode. To make matters even more complicated, the 
introduction of optoelectronic device combinations must compete with state-of-the-art 
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electronic chip technology which is currently complementary MOS transistors in the form of 
Si CMOS circuits. The implication is that the introduction of optoelectronic device 
combinations must provide for complementary device combinations together with 
optoelectronic functionality. In this way, an optoelectronic technology base would provide 
both complementary functions and optoelectronic functions which would provide it with a 
clear cut advantage over conventional CMOS. The PHEMT may be modified for 
optoelectronics by the use of an ohmic contact to replace the Schottky contact (see U.S. Patent 
#4,800,415 which is hereby incorporated by reference herein in its entirety). Such a device has 
been designated an HFET or more precisely an inversion channel HFET (ICHFET) to 
distinguish it from the broad range of III-V transistors which have been described as HFETs. 
However, the detailed nature of how the p doping is added to the PHEMT is a critical issue 
because the resulting structure must perform multiple functions which are 1) it must provide a 
low resistance ohmic contact, 2) it must provide funneling of carriers into the active region of 
the optoelectronic device, and 3) it must minimize the effects of free carrier absorption. In 
order to realize a complementary structure with an ohmic contact modified PHEMT, it is 
necessary to grow two different types of modulation doped quantum well interfaces, one 
which creates an inversion charmel for electrons and one which creates an inversion channel 
for holes. The manner in which these two interfaces are combined structurally, affords some 
unique opportunities for the creation of optical switches in the form of thyristors. These are 
routinely formed in the implementation of CMOS technology as the series combination of p- 
n-p-n structures but are intentionally suppressed to eliminate parasitic latch-up. However in 
the design of the ni-V complementary technology layer structure, the thyristor may be 
optimized to provide unique opportunities for switching lasers and detectors. 

It is an object of this invention to devise a single epitaxial layer structure which can 
sunultaneously within a single integrated circuit chip be fabricated to operate as an electron 
majority carrier bipolar transistor, a hole majority carrier bipolar transistor, a field-effect 
transistor with electrons as the channel majority carrier, a field-effect transistor with holes as 
the channel majority carrier, a laterally injected laser in which channel majority carriers are 
injected from chaimel contacts and channel minority canriers are injected from an ohmic gate 
contact, a thyristor switching laser, a thyristor switching detector which absorbs radiation 
across the bandgap of its quantum well(s), a pin type bandgap detector in which majority 
photoelectrons are removed to the channel contacts and photoholes are removed to the gate or 
collector ohmic contact, an optical amplifier and a modulator. 

Another object of the invention is to specify a fabrication technology to produce a pair 
of complementary n-channel and p-chaimel field effect transistors that function optimally as a 
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complementary logic gate. This fabrication sequence should also produce complementary 
bipolar field-effect transistors with n-channel and p-channel control elements respectively. 

Another object of this invention is to show how the thyristor device may be optimized 
from the same complementary technology sequence to perform as a high efficiency laser when 

switched to its on state and as a high efficiency detector in its high impedance off state. 

Another object of this invention is to produce an in-plane directional coupler using the 
complementary structure in which the propagation constants in two parallel waveguides may 
be altered selectively by the injection of charge into either or both of these guides from self- 
aligned contacts which may inject charge into the core of their respective waveguides . 

Another object of this invention is to show how the optoelectronic devices can be 
fabricated as vertical cavity devices and yet also provide sources, detectors, modulators, 
amplifiers and switches that are interconnected by low loss passive waveguides in the plane of 
the integrated circuit. 

It is a further object of this invention to achieve these goals with a unique combination 
of planar sheet dopings which modify the generic PHEMT structure and provide it with 
optoelectronic capability. 

A final object of this invention is to show how the complementary transistor 
technology and the optoelectronic device technology are optimized simultaneously for a 
manufacturable solution. 

SUMMARY OF THE INVENTION 

A semiconductor device structure and a fabrication technology have been invented to 
meet these objectives which achieves operation of vertical cavity devices as thyristor lasers 
and detectors together with complementary FET or bipolar operation using the same 
monolithic semiconductor device structure. In accordance with one illustrative embodiment of 
the invention, complementary ICHFET devices in which sheets of planar doping positioned 
very close to the modulation doped layers are used to establish the gate capacitance of the 
field-effect transistors (a p type sheet for the n channel transistor and an n type sheet for the p 
channel transistor) are combined epitaxially to realize both transistors in a single epitaxial 
growth. Each of these transistors is the PHEMT device in which the gate contact is ohmic in 
nature as opposed to a Schottky diode. The ohmic contact is non-rectifying whereas the 
Schottky diode contact is rectifying to applied signals. 

The n type transistor is grown with the gate contact above the quantum well 
(designated the normal configuration) and the p type transistor is grown with the gate contact 
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below the quantum well (designated the inverted configuration). For the n type transistor, 
there are two planar sheet doping layers, between the gate metal and the modulation doped 
layer of the PHEMT and both of these are opposite doping type (p type) to the modulation 
doped layer (n type). The surface sheet charge enables a low resistance ohmic contact. The 
second sheet defines the input capacitance of the FET since it establishes the gate voltage at a 
precise spacing above the modulation doped layer. The spacing between these sheets of 
opposite doping types is undoped and formed in an intermediate band gap material relative to 
the quantum well. 

The p type transistor is grown in the inverted configuration. The lowermost layer is the 
n type sheet which is spaced by the critical capacitor thickness below the p type modulation 
doped layer. Below this n type sheet is a layer of n-{- type GaAs for the purpose of making an 
ohmic contact to the gate of the p type transistor. The ohmic contact to the bottom layer is 
made by conventional alloying techniques. 

The collector contact of the n type transistor is formed by the channel region of the p 
type transistor and the collector contact of the p type transistor is formed by the channel 
region of the n type transistor. This is achieved by the combination of the normal and inverted 
devices within the same set of epitaxial layers. The thyristor is created by the complete layer 
structure, so that it encompasses both n type and p type transistors. The thyristor structure can 
make use of all of the terminal contacts of the n type and p type transistors. 

To create the n type inversion channel devices, source and drain electrodes are formed 
on either side of a refractory metal gate/emitter using ion implantation and standard self- 
ahgnment techniques. The source and drain electrodes are metalized after a high temperature 
anneal which activates the implanted species. For the p type devices, the refractory metal 
defines the gate feature but actually performs as the collector of the device. The gate layer is 
the bottom N+ layer and its electrical connection is provided by an ohmic contact placed to 
one side of the source or drain regions to provide electrical access to the bottom epitaxial 
layer. For the field effect transistors, the gate or collector contact metal forms a uniform metal 
feature across the length (short dimension) of the device. For the optoelectronic devices 
(which includes the thyristor laser, detector, optical amplifier and modulator) the gate metal is 
opened to allow the passage of light either into or out of the active region and the surface P++ 
planar sheet doping is relied upon to produce a constant potential across the optica] opening. 
Then the current flow from the gate metal contact into the active layer is two dimensional in 
nature with the contours of the carrier flow determined by the use of a Si implant to steer the 
carrier flow. The optoelectronic devices are resonant vertical cavity devices and the spacing 
between the modulation doped layers of the n and p type transistors is adjusted to produce an 
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integral number of half wavelengths in the cavity. 

The above embodiment produces optoelectronic devices that emit or detect normal to 
the surface. In another embodiment, the DBR mirrors of the vertical cavity perform as the 
cladding layers for a dielectric waveguide, and the light is entered into the edge of the device 
by means of a passive waveguide fabricated monolithically with these devices. By the xise of a 
grating etched into the waveguide, the light may be continuously converted from vertical 
cavity to waveguide propagation. This operation is particularly significant for the laser, 
detector, modulator and amplifier devices. 

Advantages gained by the construction of the semiconductor device structure are that: 
the FET capacitance and position of gate voltage control are de-coupled from the doping used 
to achieve low gate contact resistance, the incidence of gate to source short circuits is greatly 
reduced , the effective (electrical) thickness of the gate dielectric can be made exceedingly 
thin, the sheets can be etched away to achieve low contact resistance, the threshold can be 
more easily adjusted by implant to obtain depletion devices, and manufacturability is much 
improved. The advantages obtained by the combination of the two transistors is that a new 
structure is formed which is the optoelectronic thyristor. The thyristor has unique properties of 
sensitive detection in its high impedance state and laser emission in its off state. The thyristor 
structure may be used as a digital modulator, a transceiver, an amplifier and a directional 
coupler. These devices may be realized as either waveguide or vertical cavity devices. The 
vertical cavity construction enables resonant cavity operation of all device modes. In addition 
to the multiple optoelectronic properties, the structure also produces inversion chaimel bipolar 
devices termed BICFETs having either electrons or holes as the majority carrier and 
heterostructure FETs with both electron and hole channels. Therefore complementary 
operation of FET or bipolar circuits is possible. 

Further features and advantages of the invention will become more readily apparent 
from the following detailed description when taken in conjunction with the accompanying 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. la is a schematic view showing layers of the structure according to the principle 
embodiment of the mvention and from which the electronic and optoelectronic switching 
devices of the invention can be made. 

FIG. lb shows the energy band diagram of the FIG. 1 A structure. 
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FIG. 2a shows the schematic cross-section of the n type transistor with source, drain 
and gate contacts and in addition a back gate which is labeled as a collector. The drain is 
created as a low capacitance, high speed node by the insertion of an oxygen implant to 
minimize the local capacitance. This is also the cross-section of the p type bipolar device (n 
channel BICFET) in which the terminal designations are emitter, base/soxirce, and collector 
which is shown optimized in Fig. 2b. 

FIG. 2b shows the device contact geometry of the p5np transistor. In this layout, the 
base/source terminal contacts the channel from both sides and the collector contact is defined 
outside of the base contact. In this case, the base resistance is minimized at the expense of 
collector resistance which includes the unmodulated p channel below the base contact regions. 

FIG. 2c shows the device contact geometry of the p5np transistor optimized for lower 
collector resistance. The base/source contact is self-aligned to one side of the channel and the 
collector contact is self-aligned to the other side. By comparison to Fig.2b the base/source 
access resistance is higher but the collector access resistance is lower. 

FIGS. 2d, 2e, and 2f show the construction of the PHFET which is also the 
construction of the n8pn transistor. The p+ layer for an ohmic contact at the top of the 
structure and the p+ layer which defines the upper plate of the capacitor of the n chaimel 
device are both etched away so the modulation doping is exposed prior to deposition of the 
refractory electrode. For the bipolar transistor, the emitter contacts are required on both sides 
of the mesa. For the FET, a gate contact on one side of the mesa will suffice. 

FIG. 2g shows the generalized construction of the optoelectronic thyristor structure 
configured as a vertically emitting or detecting device. Both n channel and p channel contacts 
are shown for completeness. The optical aperture is formed by N type implants which are 
placed inside of the metal tungsten emitter contact. The current flow into the active layer is 
guided by the implants as shown. The bottom mirror is grown and converted to AlO/GaAs 
and the top mirror is comprised of deposited layers. 

FIG. 2h shows the optoelectronic thyristor structure formed with only the electron 
channel contact as the third terminal input. This is the most practical thyristor structure as 
only a single high impedance input node is required to change state and the electron channel is 
preferable due to its higher mobility. 

FIG. 2i shows the optoelectronic thyristor structure formed with the electron third 
terminal input and adapted to the waveguide propagation of signals. The light is confined to 
an optical mode as shown by ttie cladding formed on the top by the deposited DBR mirror and 
by the claddmg formed on the bottom by the grown DBR mirror. For the laser structure, the 
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light is converted from a vertically propagating mode to a waveguide propagating mode by the 
action of a second order diffraction grating formed in the first mirror layer of the top deposited 
mirror. The waveguide device also performs as a thyristor digital receiver, as a waveguide 
amplifier and as a waveguide digital modulator. 

FIG. 2j shows the optoelectronic thyristor waveguide structure with electron third 
terminal inputs and adapted to the formation of two parallel waveguide channels. The light is 
coupled from one channel to the other and vice versa by evanescent coupling. The coupling 
takes place through a region of slightly larger bandgap and therefore slightly lower index 
created through techniques such as vacancy disordering. The switching in such a directional 
coupler device occurs by the injection of charge into one of the two channels. 

FIG. 3 is an optical receiver circuit. 

FIG. 3 a shows the circuit configuration of the thyristor with a series load element 
which is a transistor integrated with the thyristor in the form of an HFET or a bipolar device. 
The third electrical terminal provides a high impedance input to trigger the device. The IV 
characteristics of the device are also shown and switching occurs when the switching yoltage 
has been reduced below the biasing voltage. 

FIG. 3b shows the top view of the in-plane configuration of the single waveguide 
device. The light propagates in the waveguide formed by the quantum wells as a core region 
and the dielectric mirrors as the waveguide cladding regions. The light enters from a passive 
waveguide and exits to a passive waveguide. These passive waveguides have near zero 
reflectivity at the transition to the active waveguide. The active device may have a grating 
defined in the first layer of the upper dielectric mirror to enable conversion from a laterally 
propagating to a vertically propagating mode, 

FIG. 3c shows a top view of the dirfectional coupler optical switch. Two active 
waveguide channels are separated by an electrically isolating region which evanescently 
couples waves between the two guides. Other aspects of the guides are identical to FIG. 3b. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

FIG. la and FIG. lb show the layers of a structure in accordance with an embodiment 
of the invention and from which all the device structures associated with the optoelectronic 
technology can be made. The structure of FIG. 1 A can be made, for example, using known 
molecular beam epitaxy (MBE) techniques. A first semiconductor layer 151 of AlAs and a 
second semiconductor layer 152 of GaAs are deposited in pairs upon a semiinsulating gallium 
arsenide substrate 149 in sequence to form a dielectric distributed bragg reflector (DBR) 
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mirror. The number of AIAs layers will preferably always be one greater than the number of 
GaAs layers so that the first and last layers of the mirror are shown as layer 151. In the 
preferred embodiment the AIAs layers will be subsequently subjected to high temperature 
steam oxidation to produce the compound AlxOy so that a mirror will be formed at the 
designed center wavelength. Therefore the thicknesses of layers 151 and 1 52 in the mirror are 
chosen so that the final optical thickness of GaAs and AlxOy are 1/4 wavelength of the center 
wavelength Xd. Deposited upon the mirror is the active device structure which consists of two 
HFET devices. The first of these is a p-channel HFET which has a p modulation doped 
quantum well and is positioned with the gate terminal on the lower side (i.e. on the mirror as 
just described) and the collector terminal on the upper side. The second of these is an n- 
channel HFET which has an n modulation doped quantum well and is positioned with the gate 
terminal on the top side and the collector terminal on the lower side which is the collector of 
the p-channel device. Therefore a non-inverted N-channel device is stacked upon an inverted 
p-channel device to form the active device structure. 

The layer structure begins with layer 153 of heavily N+ doped GaAs of about 2000A 
thickness to enable the formation of ohmic contacts and this is the gate electrode of the p 
channel device. Deposited on layer 153 is layer 154 of N type AlxlGai-xiAs with a typical 
thickness of 50O-30OOA and a typical doping of SxlO^^cm"^. This layer serves as part of the 
PHFET gate and optically as the lower waveguide cladding layers for all laser, amplifier and 
modulator structures. The next layer layer 155 is Alx2lGai.x2As of thickness about 380-500A 
and where x2 is about 15%. The first 60-80A (layer 155a) is doped N+ type in the form of 
delta doping, the next 200-300A (layer 155b) is undoped, the next 80A (layer 155c) is doped 
P+ type in the form of delta doping and the last 20-30A (layer 155d) is undoped to form a 
spacer layer. This layer forms the lower separate confinement heterostructure (SCH) layer for 
the laser, amplifier and modulator devices The next layers define the quantum well(s) of the 
PHFET. For a stramed quantum well, this consists of a spacer layer 156 of about 10-25 A of 
undoped GaAs and then combinations of a well of 40-80A (labeled 157) and a barrier of 
undoped GaAs (labeled 158), The well may be comprised of a range of compositions. In the 
preferred embodiment, the quantum well is formed fi-om a In.2Ga gAsN composition with the 
nitrogen content varymg firom 0% to 5% depending upon the desired natural emission 
firequency. Thus, for a natural emission fi-equency of .98)im, the nitrogen content will be 0%; 
for a natural emission fi*equency of 1.3^m, the nitrogen content will be approximately 2%; 
and for a natural emission fi*equency of l.Sjxm, the nitrogen content will be approximately 4- 
5%. The well barrier combination will typically be repeated three times. Unstrained quantum 
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wells are also possible. Following the last barrier of undoped GaAs is a layer 159 of \mdoped 
Alx2lGai-x2 which forms the collector of the PHFET device and is about 0.5|im in thickness. 
All of the layers grown thus far form the PHFET device with the gate contact on the bottom. 

Layer 159 also forms the collector region of the NHFET device. Deposited on 159 is a 
layer 160 of undoped GaAs of about 200-25 OA which forms the barrier of the first quantum 
well. This layer is wider than the normal barrier layer of about 100 A because it accommodates 
the growth interruption to change the growth temperature from 610°C (as required for optical 
quality Alx2lGai.x2As layers) to about 530°C for the growth of InGaAs. Therefore layer 160 is 
divided into a single layer 160a of about 150A and a repeating barrier layer of about lOOA, 
The next layer 161 is the quantum well of Ino.2Gao.8As which is undoped and about 40-80 A in 
thickness. It is noted that the quantum well layer 161 need not be of the same formulation as 
the quantum well layer 157. The barrier of lOOA and quantum well of 40-80A may be 
repeated, e.g., three times. Then there is a barrier layer 162 of about 10-30A of undoped 
GaAs which accommodates a growth interruption and a change of growth temperature. Next 
there is a layer 163 of about 300-500A of Alx2lGai,x2As. Layer 163 is comprised from bottom 
to top of an undoped spacer layer 163a of 20-30A of Alx2lGai-x2As, a layer 163b of N+ type 
doping of about 3-5x1 O^^cm'^ which is a modulation doped layer, a capacitor spacing layer 
163c of about 200-300A which is undoped and a P+ type delta doped layer 163d of about 60- 
8OA and doping about 3-5x10^ ^cm"^ to form the top plate of the capacitor. The doping species 
for layer 163 d is preferably carbon (C) to ensure diffusive stability. In contrast to layer 163b 
which is always depleted, layer 163d should never be totally depleted in operation. Layers 
163d and 163b form the two plates of a parallel plate capacitor which forms the field-effect 
input to all devices. For the optoelectronic device operation, layer 163 is the upper SCH 
region. Layer 163 must be very thin to enable very high frequency operation. In the illustrated 
embodiment, for a transistor cutoff frequency of 40 GHz, a thickness of 300A would be used, 
and for 90 GHz a thickness of 200A would be more appropriate. Layer 164 of AlxiGai-xi As is 
deposited next to form part of the upper waveguide cladding layer for the laser, amplifier and 
modulator devices. It has a typical thickness of 500-1500A. Layer 164 may have a first thin 
sublayer 164a of, e.g., 10-20A thickness and having a P+ typical doping of 10*^ cm*^. A 
second sublayer I64b has a P doping of 1-5x1 O^^cm'^ and a typical thickness of 700A. 
Deposited next is layer 165 of GaAs or a combination of GaAs and InGaAs which is about 50- 
lOOA thick and doped to a very high level of P+ type doping (about IxlO^^^cm'^) to enable the 
best possible ohmic contact. 

As described hereinafter, to form resonant cavity devices, a dielectric mirror is 
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deposited on this structure during the fabrication process. The distance between the mirrors is 
the thickness of all layers from 153 to 165 inclusive. In designing this structure, this thickness 
must represent an integral number of 1/4 wavelengths at the designated wavelength, and the 
thickness of layers 164 and/or 159 is adjusted to enable this condition. 

Usmg the structure as set forth, bipolar and field-effect transistors and optoelectronic 
devices in the form of thyristors and transistors can be made in accordance with a generalized 
set of fabrication steps. The first structure shown in Fig. 2a is the N channel HFET (NHFET). 
As the figure shows it is formed with a refractory metal gate contact 168 (the electrode is also 
labeled as an emitter because the same set of contacts may be used to operate the structure as 
a bipolar device which is shown more optimally in Figs. 2b and 2c). Device fabrication begins 
with the deposition of the refractory gate which is followed by an ion implant 170 of N type 
ions to form self-aligned contacts to the channel consisting of the layers 161 and 160. On the 
source side of the FET, the structure is etched down to near (about lOOOA above) the p type 
. quantum wells 157 and an ion implant 173 of P type ions is performed to contact the p type 
inversion channel. Also an insulating implant 171 such as oxygen is performed under the N 
type drain implant to reduce the capacitance for high speed operation. Next the device is 
subjected to a rapid thermal anneal (RTA) of the order of 900''C or greater to activate all 
implants. Then the device is isolated from other devices by an etch down to the semiinsulating 
substrate which includes an etch through the mirror pairs 1 5 1/152 of AlAs/GaAs. At this 
point, the device is oxidized in a steam ambient to create layers of AIO/GaAs to perform as 
the final DBR mirror. During this oxidation step, the exposed sidewalls of the etched AlGaAs 
layers are passivated by the formation of very thin layers of oxide. The final step m the 
fabrication is the deposition of Au metal contacts. These contacts come in three forms. One is 
the AuGe/Ni/Au contact 169 (169a, 169b) for the N+ type implants, one is the AuZn/Cr/Au 
contact 172 (172a) for the P+ type implant and the third is a final layer of pure Au (not shown) 
to form interconnect between device nodes. 

A second structure is shown in Fig.2b in which the same fabrication steps have been 
used, but the configuration has been more appropriately optimized as a bipolar device. To 
achieve this, after the formation of the refractory contact 168 which is fimctioning as an 
emitter, both of the self-aligned implants 170 which contact the channel are connected as base 
or control electrodes and have the ftinction of controlling the level of charge in the inversion 
channel. The channel charge controls the thermionic current flow between the emitter and 
collector producing a thermionic bipolar device. The device is then etched to the collector 
mesa which is established about lOOOA above the p type quantum wells 157 and these wells 
are contacted by a P+ type ion implant, 173. The remainder of the process is the same as in 
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Fig. 2a. It is noted that this bipolar is a pSnp device which would be grown with an inversion 
channel which is normally on. In terms of bipolar devices, the p type bipolar is always inferior 
to the n type bipolar and therefore the main application for this device is as the p type 
component in a complementary bipolar technology. 

It is noted in Fig. 2b, that since both collectors 172a, 172b are outside of the base or 
source contacts, the collector access resistance is forfeited for the sake of channel or base 
access resistance. The device can be constructed differently as shown in Fig, 2c, by creating 
the source contact 169a by self-aligiunent of implant 170 to one side of the emitter contact 
168 and the collector contact 172b by self-alignment of implant 173 to the other side of the 
emitter contact. The fabrication sequence therefore requires alignment of the mask within the 
emitter gate feature 168, which limits how small the feature can be made. In the interests of 
higher speed, a tradeoff is therefore made. With this construction, the collector resistance has 
been optimized at the expense of the overall source resistance. 

In Figs. 2d-2f, the cross-section is shown of the PHFET which is identical in cross- 
section to the n5pn bipolar device. Fig. 2d shows that the top p+ layer 165 is etched away and 
a N+ implant 179 is used before the refractory metal 168 is deposited in order to create a N 
contact to the collector region 1 59 of either the PHFET or the n5pn bipolar device. Using the 
refractory contact 168 as a mask, the semiconductor is etched to within lOOOA of the p 
quantum wells and then the P+ type implant 173 is performed to create self-aligned contacts 
to the p inversion channel 157/158. It is noted that the P+ type implant can be made deep 
enough to penetrate through to the SI substrate below which has the benefits of low 
capacitance for both bipolar and HFET high speed circuit operation. Then a RTA step is 
performed to activate all implants. Then a mesa is formed and the layers are etched down to 
the N+ layer 153 that forms the underlying gate electrode. Next, a larger mesa is etched down 
through the mirror layers to isolate all devices and the oxidation step is performed which 
creates mirrors under devices and passivates all device sidewalls. The final step is the 
deposition of p type Au alloy metals 172 to the P+ type implants and the deposition of n type 
Au alloy metals 1 74 to the N+ gate layer. 

In Fig. 2e, the collector contact resistance is improved by making a self-aligned 
contact to the n type quantum well channel 161/160 by implantation using the refractory metal 
as a mask but implanting only on one side of the feature. On the other side of the refractory 
contact, the semiconductor is etched down to lOOOA from the p type quantum wells 157/158 
and a P+ type implant 173 is performed which creates the base or source contact for the nSpn 
transistor by accessing the p type inversion channel (as in Fig. 2d this implant may penetrate 
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through to the SI substrate). This type of construction requires a larger gate/emitter feature 
168 than the one in Fig. 2d because an alignment is required in the center of the feature. After 
the RTA step to activate the implants, a larger mesa is formed to create the emitter contacts 
174a, 174b to the N+ bottom layer 153, device isolation is formed as in Fig. 2d and also the 
Au contact metallurgy. With this type of construction, the collector contact resistance is 
reduced at the expense of the base (source) access resistance. Therefore, in an attempt to 
achieve higher speed, higher base access resistance is tolerated in order to achieve lower 
collector access resistance. 

In Fig. 2f , the device cross-section of another approach to obtain low collector access 
resistance is shown which is potentially superior to Figs. 2e and 2d. In this case, the material 
is initially etched to remove layers 165, 164 and 163d, By doing this etch, all of the P+ type 
layers are removed prior to the deposition of the refractory contact. By deposition of a W/In 
contact metallurgy and the use of the RTA step, a small amount of alloying occurs which is 
sufficient to cause the W/In to interact with the N+ charge sheet layer, 163b. Using this 
approach requires extremely tight control of the semiconductor etch to enable precise etching 
and removal of the P+ charge layer. This approach is enabled by the novel epitaxial growth 
introduced here. The epitaxial growth has been designed to concentrate all of the p type 
barrier charge into a thin sheet spaced away from the n type modulation doping. By 
separating the two charge sheets in this fashion, it is possible to etch to the position between 
them and thus effectively remove all of the p type doping layers from the top of the device. If 
this approach can be implemented effectively, it is the optimum approach because it may 
minimize the collector resistance and the base resistance together and , at the same time the 
collector capacitance. Once the refractory gate 168 has been defined and etched , the 
fabrication follows that described for Fig. 2d. 

It should be noted that the various structures of Figs. 2a-2f (as well as the structures of 
Figs. 2g-2j discussed hereinafter) can be formed adjacent each other (e.g., on separate mesas) 
and interconnected as desired. Thus, for example, the NHFET structure of Fig. 2a and PHFET 
structure of Fig. 2d can be interconnected to form complementary FET circuits where the gate 
terminal 168 of Fig. 2a is coupled to the gate terminal 174a or 174b of Fig. 2d, the drain 169b 
of Fig. 2a is coupled to the drain 172b of Fig. 2d, the NHFET source 169a of Fig. 2a is 
coupled to ground, and the PHFET source 172a of Fig. 2d is connected to a positive supply 
voltage. It should also be appreciated that mesas are formed by etching down to desired 
layers. Thus, depending upon the electrical and thermal isolation characteristics desired, a 
mesa can be formed, e.g., by etching down to the top mirror layer 1 52, or even deeper down 
to the substrate layer 149. 
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In Figs. 2g - 2j, the fabrication sequences previously described are adapted to the 
formation of optically emitting, detecting, modulating and amplifying devices. Fig. 2g shows 
the device cross-section of the thyristor device with N+ ion implants 170 used to form self- 
aligned channel contacts to the n type inversion channel and P+ ion unplants 173 used to form 
self-aligned channel contacts to the p type inversion channel. These channel injectors enable 
switching of the thyristor with n type and/or p type high impedance third terminal inputs. 
These implants are formed using the identical fabrication steps as just described in Figs. 2a-2f 
The subcollector or backgate connection is also created by etching to the N+ bottom layer 153 
and applying the AuGe/Ni/Au ohmic alloy contact 174 (174a, 174b) and the p type and n type 
implants 173/170 are contacted by p type and n type Au alloy metals (172 and 169) 
respectively as described previously. The key difference for the optical devices is in the 
formation of the emitter contact. The device fabrication begins with the definition of 
alignment marks (not shown) by etching and then the deposition of a layer of Si3N4 (not 
shown) to act as protection for the surface layer and as a bloclcing layer for subsequent ion 
implants. Then an ion implant 175 of N type ions is performed using a photomask that is 
aligned to the alignments marks, and produces an optical aperture 176 defined by the 
separation between the implants. The implants create a p-n junction in the layers between the 
n type quantum wells and the surface and the space between the implants defines the region in 
which the current may flow and therefore the optically active region. The current cannot flow 
into the n implanted regions 175 because of the barrier to current mjection. The current flow 
trajectory is shown in ±e Figure. The laser threshold condition is reached before the voltage 
for turn-on of this barrier. Following the implant, the refiractory gate 168 is deposited and 
defined as an annulus which is also aligned to the alignment marks and therefore to the 
implant. The metal etching stops on the nitride inside the annulus and on the semiconductor 
outside the aimulus. The rest of the fabrication follows the descriptions above until after all 
metal interconnects have been defined. To form resonant cavity devices, a dielectric mirror is 
deposited on this structure during the fabrication process. The distance between the mirrors is 
the thickness of all layers firom 153 to 165 inclusive. In designing this structure, this thickness 
preferably represents an integral number of 1/4 wavelengths at the designated wavelength and 
the thickness of layer 164 and/or 159 is adjusted to enable this condition. Then a dielectric 
mirror is created on the top of the device by the deposition of dielectric layers 166 and 167, 
typically layers of Si02 and a high refiractive index material such as GaAs or GaN. The 
dielectric mirror serves two purposes. It defines a cavity for the vertical emission and 
absorption of light and it serves as the cladding layer for a waveguide so that light may 
propagate in the plane of the wafer. For most applications, only the electron third terminal 169 
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(169a, 169b) and not the hole third terminal 172 (172a, 172b) will be used. A cross-section of 
a device without the hole terminals 172 is shown in Fig. 2h with the device operating as a 
vertical cavity emitter or detector. 

Returning to Fig. 2g, as an optoelectronic component, this device is multifunctional. If 
the source 169 is biased positively or the collector 172 is biased negatively, then the thyristor 
will switch to its on state and if the biasing is above the threshold for lasing, then laser 
emission will be obtained through the optical aperture at the top surface of the device. This is 
the operation of a vertical cavity laser. If the thyristor is in the off state and light is admitted 
through the top optical aperture, then the device functions as a digital detector in the sense that 
when sufficient electron-hole pairs have been generated to achieve the critical switching 
condition, then switching to the on state will occur. The configuration for an optical receiver is 
shown in Fig. 3. Suppose the device is biased to its supply voltage Vdd through a load resistor 
Rl,180. Suppose also that the N+ electron source terminal 169 (designated the injector) is 
biased to the most positive voltage Vdd through a current source, 181. When light is incident 
on the detector of sufficient intensity to produce photocurrent in excess of the current source 
drawing on the injector tenninal, the thyristor will switch on. When the incident light is 
reduced, the thyristor will switch off because the current source on the injector drains the 
channel of charge. Therefore this circuit functions as an optical receiver. 

The device shown in Fig.2h may also function as an in-plane or waveguide device if a 
grating is formed in the upper mirror layer 166, 167 according to the techniques discussed in 
U.S. Patent #6,031,243 to Taylor, which is hereby incorporated by reference herein in its 
entirety. The grating performs the function of diffracting the light produced by the vertical 
cavity into light propagating in a waveguide which has the upper (1 66,1 67) and lower 
(151,152) mirror layers as waveguide cladding layers and the unplants 170 as lateral 
confmement regions. This kind of operation is shown in Fig. 2i. A plan view of this device 
showing how the passive waveguides cormect to the active waveguides is shown in Fig. 3b. 
This device has the modes of operation of a laser, a detector, a modulator and an amplifier. As 
a laser, all light generated within the vertical cavity is directed laterally into the waveguide 
formed by the murors and is then connected to a passive waveguide at the edge of the device. 
As a waveguide detector, the light is entered into the device from a passive waveguide, is 
diffracted into the vertical cavity mode and is absorbed resonantly in the vertical cavity. In 
this manner of operation, the device would be biased electrically as shown in Fig. 3 and the 
function of the circuit would be that of an optical receiver. However it also noted that if the 
subcoUector contact 174 m Figs. 2h or 2i is not connected (i.e. it is allowed to float) then the 
device may operate as a simple pm detector with connections to the gate 168 and to the source 
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169, since a photocurrent would be produced in the gate/emitter to source circuit and 
switching would be prohibited. As a waveguide absorption modulator, two forms of operation 
are possible. First, the device may perform as a digital modulator if the device is biased as a 
thyristor and the electrical data is entered via the injector. The injector injects current into the 
device and it switches to the on state if the data is a one. In the switched on state there is no 
optical loss and an optical "1" is produced. On the other hand, if the data is a zero the injector 
continuously removes charge (current flows out of the device) and forces the device to remain 
in the off state. In the off state, all of the optical signal is absorbed and an optical "0" is 
produced. For this operation, the device may operate either with or without the grating. 
However, with the use of the grating a shorter length of device is possible. Second, the device 
may perform as an analog modulator if the subcollector of the device is not connected. As an 
analog modulator, any level of modulated intensity is obtainable by varying the injector input 
voltage up to the maximum absorption change of the modulator produced by the maximum 
voltage for FET conduction without bipolar conduction, since switching may not occur with 
the subcollector disconnected. 

The final mode of operation of the device is as a waveguide amplifier. If the device in 
Fig. 2i is operated in the switched on state but well below the threshold for lasmg, then optical 
signals input to the device from a passive waveguide at one end may be amplified to a larger 
optical signal at the output of the device. For the amplifier also, the grating may or may not be 
used. However, the use of the grating will result in a shorter device. It will also result m the 
stabilization of the polarization, since the grating supports the TE mode much more strongly 
than the TM mode. 

All of the modes of operation discussed thus far have involved only one active 
waveguide connected to one passive waveguide on the input to the device and another passive 
waveguide on the output of the device. A particularly significant innovation is obtained if two 
of the modulator waveguides are brought into close proximity in the lateral dimension such 
that the guided light in one waveguide evanescently couples to the guided light in the second 
waveguide and vice versa. A cross-section of this device is shown in Fig. 2j which shows the 
optical modes 177 and 179 propagating in the two waveguides. The fabrication is identical to 
that of the single modulator device except that prior to the rapid thermal anneal (RTA), the 
nitride layer that protects the optical opening is patterned to create an opening 178 that evenly 
divides the total optically active area into two waveguide channels. The p+ layers are removed 
in this opening. Then SiOa is deposited and during the RTA, vacancy disordering occurs, so 
that a slightly larger energy gap is created in the region 178. This energy gap provides an ideal 
region for evanescent coupling to occur. The remainder of the processing follows that of the 
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waveguide devices discussed earlier. This device has two passive waveguide channels as 
inputs and two passive waveguide channels as output as indicated by the plan view of the 
device in Fig. 3c. Such a device is called a directional coupler and the switching of light from 
mode A to mode B in Fig. 2j is induced by a differential change in the waveguide propagation 
constant between guides A and B. This change is produced by the injection of charge into the 
inversion channel from the self-aligned channel contact and can be produced by the injection 
of charge into one or the other of the two channels (but not both). It is noted that the 
construction technique of the two channels must be such that the two waveguides are identical 
in all respects so that the coupling length will be constant over a large area. There are 
different modes of operation which may be considered, hi one, the subcollector is biased to 
ground through a load resistor and the emitters are biased positively. Therefore both 
waveguide sections are potential switches. Then when current is injected into one side (one of 
the source regions 169), that side will switch and will result in a filling of the electron channel 
on that side only (it is noted that when one side switches the other side may not switch 
because the voltage across the device has been reduced). This will produce a distinct 
difference in propagation constant between the two waveguides which is ideal for the 
evanescent coupling. It is noted that once switched to the on state, the gain of the waveguide 
as an amplifier may be adjusted to offset all other optical losses (such as insertion loss etc.). 
With the injection of charge, the absorption edge of the quantum wells in the waveguide will 
be shifted and there will be a wavelength Xmax corresponding to the maximum change of 
absorption. According to the Kramers Kronig relations, there will be an increase in refractive 
index for X>Xmax and a decrease for X<XmBX' For the through , or unswitched state, it is 
required for the light to evanescently couple from channel A to channel B and then back to A 
and vice versa for channel B. Therefore for the through state we require the largest index and 
would choose the wavelength A^Xmax • This means that in the through state, both channels 
should be frill of charge which corresponds to the switched on state. Hence when operating 
the directional coupler in the thyristor mode, the on state corresponds to the through state. 
However, since we know that the thyristor switching can only occur in one of the waveguides, 
then the charge in the second waveguide is provided by injection in an analog mode without 
switching. Therefore the desired mode of switching is to switch on one side of the switch and 
then to present the data for switching to the other side. The cross state (switched state) 
corresponds to the optical signal on channel A coupling to channel B only once and vice versa 
for the optical signal on channel B. Suppose the channel A thyristor is switched on. Then the 
transition from the through state to the cross state occurs when the source uiput to channel B 
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is injected with charge. When channel B is emptied of charge, the absorption increase is 
removed in that channel and therefore also the increase in index is removed. This results in the 
change m propagation constant and therefore in the increase in the coupling length which is 
associated with the cross state. It is noted that in the through state with charge in both 
channels, there is optical gain available in both channels. In the cross state, there is optical 
gain available in one channel. Such gain is useful to offset the insertion loss and losses 
incurred in traversing the directional coupler. It is noted that in order to take advantage of this 
gain, the wavelength of the optical mode may need to be adjusted to coincide with the 
maximum change in the refractive index. This may be accomplished by localized heating of 
the switch using a dedicated HFET as a heating element. 

The passive waveguides interconnecting all devices are also created by the use of the 
vacancy disordering technique. In the passive waveguide regions, a ridge is etched and is 
coated with Si02 so that a non-absorbing (and therefore low loss) region is formed. The * 
passive waveguide is later coated with the upper dielectric mirror layers to provide the upper 
cladding layers for waveguide propagation. 

There has been described and illustrated herein a semiconductor structure which 
utilizes an inversion channel created by modulation doping to implement thyristors, 
transistors, optical emitters, optical detectors , optical modulators, optical amplifiers and other 
opto-electronic devices. While particular embodiments of the invention have been described, 
it is not intended that the invention be limited thereto, as it is intended that the invention be as 
broad in scope as the art will allow and that the specification be read likewise. Thus, while 
particular layers have been described with particular thicknesses and with particular types and 
strengths of dopings, it will be appreciated that certain transition layers could be removed 
and/or additional layers and/or sublayers could be utilized, and further that the layers could 
have different thicknesses and be differently doped. Also, while particular layers have been 
described with reference to their percentage content of certain constituents, it will be 
appreciated that the layers could utilize the same constituents with different percentages, or 
other constituents. Additionally, while particular formation and metalization techniques have 
been described, it will be appreciated that the described structures can be formed in other 
mamiers, and other metals used to form terminals. Further, while particular arrangements of 
bipolar and FET transistors, optical emitters, detectors, modulators, amplifiers, etc. formed 
fi-om the described semiconductor structure, and circuits utilizing those components have been 
described, it will be appreciated that olher devices and circuits can be made from the provided 
structure and components. It will therefore be appreciated by those skilled in the art that yet 
other modifications could be made to the provided invention without deviating therefi-om. 
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1 . A semiconductor device, comprising: 

a series of epitaxial layers grown on a substrate, said epitaxial layers including an N+ 
doped layer, a first plurality of layers forming a p modulation doped quantum well spaced 
from said N+ doped layer by at least a first epitaxially layer, a second plurality of layers 
forming an n modulation doped quantum well, said first plurality of layers being separated 
from said second plurality of layers by at least a second epitaxial layer, and a P+ doped layer 
spaced from said second plurality of layers by at least a third epitaxial layer. 

2. A semiconductor device according to claim 1, wherein: 

said p modulation doped quantum well comprises a P+ doped layer of AlGaAs, a 
quantum well layer of substantially undoped InGaAs, and a barrier layer of GaAs. 

3. A semiconductor device according to either of claims 1 or 2, wherein: 

said n modulation doped quantum well comprises an N+ doped layer of AlGaAs, a 
quantum well layer of substantially undoped InGaAs, and a barrier layer of GaAs. 

4. A semiconductor device according to any previous claim, wherein: 

at least one of said n modulation doped quantum well and said p modulation doped 
quantum well includes substantially undoped InGaAsN. 

5. A semiconductor device according to any previous claim, wherein: 

said series of epitaxial layers include a plurality of distributed bragg reflector (DBR) 
mirror layers of AlAs and GaAs, 

6. A semiconductor device according to any previous claim, wherein: 

said at least a second epitaxial layer separating the p and n modulation doped quantum 
wells is a relatively thick layer of AlGaAs. 

7. A semiconductor device according to claim 6, wherem: 

said at least a second epitaxial layer fiirther includes a layer of GaAs, 
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8. A semiconductor device according to claim 1, wherein: 

said series of epitaxial layers includes distributed bragg reflector (DBR) mirror upon 
which is deposited 

(i) a first sequence of layers to implement a modulation-doped bipolar field-effect 
transistor with electrons (n type) as its majority carrier, its emitter deposited on said DBR 
miiror and its collector as a top surface layer, said n type bipolar transistor having a p type 
inversion channel at a modulation-doped interface performing as a field-effect control element 

in the role of a conventional base region and said bipolar transistor layer structure also 
unplementing a p channel heterostructure field-effect transistor (PHFET) layer structure with 
said emitter layer performing in the role of a gate contact layer for said PHFET, and 

(ii) a second sequence of layers deposited on said first sequence of layers, to 
implement a modulation-doped bipolar field-effect transistor with holes (p type) as its 
majority carrier, its collector layer being common with said collector of said n type bipolar 
transistor and its emitter as a top surface layer, said p type bipolar transistor having an n type 
inversion channel at a modulation-doped interface performing as a field-effect control element 
in the role of a conventional base region and said bipolar transistor layer structure also 
implementing an n channel heterostructure field-effect transistor (NHFET) layer structure 
with said emitter surface layer performing in the role of a gate contact layer for said NHFET. 

9. A semiconductor device according to claim 8, wherein: 

said n type bipolar transistor is comprised of a sequence of layers comprising a first 
bottom layer of N+ GaAs, a layer of N type AlxGai-xAs, said N+ doped layer of AlyGai.yAs, 
said at least a first epitaxial layer of undoped AlyGai.yAs, and said p modulation doped 
quantum well including a delta-doped layer of P+ type AlyGa^yAs, a spacer layer of undoped 
AlyGai-yAs, a spacer layer of imdoped GaAs, and at least one unstrained GaAs quantum well ' 
with an AlyGai.yAs barrier or at least one undoped quantum well of InGaAsN with a GaAs 
barrier, 

said at least one second epitaxial layer comprises undoped AlyGai.yAs to function as a 
collector of said n type transistor and also wherein said p type transistor begins with said 
collector as a common collector, and 

said p type bipolar transistor is comprised of a sequence of layers deposited on said at 
least one second epitaxial layer including a spacer layer of undoped GaAs, said n modulation 
doped quantum well including at least one AlyGai.yAs barrier and unstrained GaAs quantum 
well or at least one undoped quantum wells of InGaAsN with a GaAs barrier, a spacer layer of 
undoped GaAs, a spacer layer of undoped AlyGai-yAs, a delta-doped layer of N+ type AlyGai- 
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yAs, a layer of undoped AlyGai.yAs, said layer of P+ doped AlyGai-yAs, a layer of P type 
AlxGai.xAs, and a layer of P++ type GaAs or a GaAs and InGaAs combination to act as a 
metallic contact layer for the emitter of said p type transistor. 

10. A semiconductor device according to claim 9, wherein: 

x=0.7andy=ai5. 

1 1. A semiconductor device according to claim 10, wherein: 

the percentage of nitorgen in said InGaAsN is selected to be 0% for a natural emission 
frequency of 0.98jxm, approximately 4%-5% for a natural emission frequency of LS^im, and 
between 0% and 5% for natural emission frequencies between 0.98fim and l.Sjxm. 

12. A semiconductor device according to any of claims 9-1 1 wherein: 

said at least one AlyGai.yAs barrier and unstrained GaAs quantum well or at least one 
undoped quantum well of InGaAsN with a GaAs barrier comprises a series of AlyGai.yAs 
barriers and unstrained GaAs quantum wells or a series of undoped quantum wells of 
InGaAsN with GaAs barriers. 

13. A semiconductor device according to any of claims 9-12, wherein: 

said at least one second epitaxial layer of AlyGai.yAs has a thickness between 4000A 
and lOOOOA. 

14. A semiconductor device according to any of claims 9-13, wherein: 

said layer of N type AUGai.xAs of said n type bipolar transistor has a doping of 
approximately 5xlO"cm'^ and a thickness of 500 A -3000A, said N+ doped layer of 
AlyGai.yAs has a doping of approximately 3xlO^*cm"^ and a thickness of 60 A -80 A, said at 
least a first epitaxial layer of undoped AlyGai-yAs has a thickness of 200 A -300 A, said delta- 
doped layer of P+ type AlyGai.yAs has a doping of approximately 3-4xl0^*cm'^ and a 
thickness of 60-80 A, said spacer layer of undoped AlyGai.yAs has a thickness of 20-30 A, 
said spacer layer of undoped GaAs has a thickness of approximately 15 A, 

said p type bipolar transistor is comprised of a sequence of layers deposited on said at 
least one second epitaxial layer including said spacer layer of undoped GaAs of about 100 A, 
said sapcer layer of imdoped GaAs of said p type bipolar transistor has a thickness of about 15 
A, said spacer layer of undoped AlyGai.yAs of said p type bipolar transistor has a thickness of 
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60 A -80 A, said layer of undoped AlyGai-yAs of said p type bipolar transistor has a thickness 
of 200 A-300 A, said layer of P+ type AlyGai.yAs of said p type bipolar transistor has a doping 
of approximately SxlO^^cm"^ and a thickness of 60 A -80 A, said layer of P type AlxGai-xAs 
has a doping of approximately SxlO^^cm"^ and a thickness of lOOOA -3000A thickness, and 
said layer of P+ type GaAs or a GaAs and InGaAs combination has a doping of approximately 
5x10^^ -lO^W^ 



14. A multifunctional optoelectronic device constructed from the epitaxial layer sequence 
as described in any of claim 1-13 by applymg a fabrication sequence which uses a set of 
alignment marks being etched for registration of patterns; 

N type ions being implanted to produce a pn junction which forms a current steering path and 
two dimensional conduction for positive carriers into an active area of the structure and also 
establishes a negative threshold to make depletion transistors; 

a refractory metal being defined to form gate electrodes for n channel field-effect transistors 
or emitter electrodes for p type bipolar transistors and p type contacts for all lasers and 
detectors, said refractory metal forming a collector electrode for said p channel field-effect 
transistors by the initial removal of said top P-H- surface layer and P+ delta doped sheet, said 
refractory metal pattern forming optical apertures to allow the flow of optical energy into and 
out of said optoelectronic device; 

N type ions being implanted to form low resistance contacts to said n channel field-effect 
transistor inversion channel using the refractory metal and its photoresist as a mask to create 
self-alignment, said inversion channel being produced in said quantum wells of GaAs, 
strained InGaAs or strained and unstrained InGaAsN by the presence of said modulation 
doped layer of said p type bipolar transistor; 

P type ions being implanted to form low resistance contacts to said p channel field-effect 
transistor inversion channel using the refractory metal in the role of a collector as a mask to 
create self-alignment, said inversion channel being produced in the quantum wells of GaAs, 
strained InGaAs or strained and unstrained InGaAsN by the presence of said modulation 
doped layer of said p type bipolar transistor; 

rapid thermal annealing of said implantations to activate and to perform disordering of 
selected areas; 

formation of active device areas into mesas by the use of a deep etch to expose bottom mirror 
layers which is then followed by the steam oxidation of AlAs layers completely under said 
active device; 

definition and etching of contact areas to saidP+ ion implanted regions, to saidN+ ion 
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implanted regions and to said bottom N+ layer performing as said gate contact of said p 
channel HFET or as said emitter of said n type bipolar transistor; 

definition of resist for lift-off procedure of p and n type gold alloys followed by metalization 
and lift-off of metals in n type and p type regions; 

application of polyimide isolation, etching of contact windows and lift-off of interconnect 
gold metal patterns; 

application of distributed bragg reflector mirror layers for lasers and detectors. 

15. A device, as described in claim 14, adapted to the operation of an optoelectronic 
thyristor in which said top P++ emitter is said device anode, said N+ bottom emitter region is 
said device cathode and said N+ ion implanted source regions which contact said n type 
inversion charmel perform as a high impedance third terminal input node, a device acting as a 
thyristor electrically with well defined off and on states and a switching voltage which may be 
modulated with current input jSrom said third terminal, from a maximum value at zero 
injection current to a minimum value with high injection, said thyristor performing as a 
VCSEL in its switched on state when said on state current flow exceeds said laser threshold 
with light emission from said optical aperture and said thyristor performing as a resonant 
cavity detector in the off state with light entering said optical aperture such that the 
photogenerated electron-hole pairs may switch said thyristor from said off state to said on 
state when sufficient charge has been accumulated in one or both of said inversion channels in 
said thjnristor. 

16. Devices as described in claim 14 adapted to the implementation of complementary 
HFET functions in which an N channel HFET is formed on one mesa and a P channel HFET 
is formed on another mesa, said device gate terminals having a common coimection serving 
as an input node, said device drain terminals having a common connection serving as an 
output node, said PHFET source node being connected to a positive supply voltage and said 
NHFET source node being grounded such that complementary operation is obtained; 

17. Devices as described in claim 14 adapted to the implementation of complementary 
bipolar functions in which an n type bipolar (electron majority carrier) transistor is formed on 
one mesa and a p type bipolar (hole majority carrier) transistor is formed on another mesa, 
said device source terminals having a common cormection serving as an input node; said 
device collector terminals having a common connection serving as an output node, said p 
type emitter node being connected to a positive supply voltage and said n type emitter node 
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being grounded such that complementary bipolar operation is obtained, 

18. The device, as described in claun 14, adapted to the operation of an active waveguide 
detector of optical power in which said DBR mirrors applied above and grown below the 
active layers act as cladding layers for waveguide propagation, said N+ ion implanted source 
regions removing electron photocurrent from said electron inversion channel, said P-H- top 
emitter and said P+ ion implanted source regions removing hole photocurrent from said hole 
inversion channel, said bottom N+ gate region being biased to ensure a fully populated p type 
inversion channel to form a high speed transmission line for hole conduction, said optical 
input being admitted to said channel region via a passive waveguide which is self-aligned to 
said active waveguide defined by said refractory metal electrode and said N type waveguiding 
channel implants, said passive waveguide achieving low insertion loss into said active 
waveguide by virtue of a slightly larger energy gap in said passive region achieved by 
impurity free vacancy disordering or similar technique to achieve a minimal change in 
refractive index and hence near zero reflectivity at said passive/active waveguide interface. 

19. The device, as described in claim 14, adapted to the operation of an active waveguide 
receiver of optical power in which said DBR mirrors applied above and grown below the 
active layers act as cladding layers for waveguide propagation, said N+ ion implanted source 
regions being biased by an integrated current source to remove a constant flow of electron 
photocurrent from said electron inversion channel, said bottom N+ gate region or subcoUector 
node being biased with respect to said p+ emitter contact through a series load element such 
that switching of said thyristor to its on state occurs with a minimum optical input power 
when light is admitted to said waveguide and switching of said thyristor back to its off state 
occurs when said optical signal is terminated, said optical receiver providing an electrical 
output at the connection node of said thyristor and said series load element, said optical input 
being admitted to said channel region via a passive waveguide which is self-aligned to said 
active waveguide defined by said refractory metal electrode and said N type waveguiding 
channel implants, said passive waveguide achieving low insertion loss into said active 
waveguide by virtue of a slightly larger energy gap in said passive region achieved by . 
impurity free vacancy disordering or similar technique to achieve a minimal change in 
refractive index and hence near zero reflectivity at said passive/active waveguide interface. 

20. The device, as described in claim 14, adapted to the operation of an active waveguide 
amplifier of optical power in which said DBR mirrors applied above and grown below the 
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active layers act as cladding layers for waveguide propagation, said N+ ion implanted source 
regions injecting electrons into said upper electron inversion channel, said top P++ emitter 
injecting holes from said refractory metal contact and said lower hole inversion channel 
supplying holes to said upper quantum well in the role of a floating p electrode supplied by 
holes from said top P++ emitter, said bottom N+ gate region also floating electrically, said 
optical input being admitted to said active waveguide via a passive waveguide which is self- 
aligned to the active waveguide defined by said refractory metal electrode and said N type 
waveguiding channel implants, said passive waveguide achieving low insertion loss into said 
active waveguide by virtue of a slightly larger energy gap in said passive region achieved by 
impurity free vacancy disordering or similar technique to achieve a minimal change in 
refractive index and hence near zero reflectivity at said passive/active waveguide interface, 
thereby resuhing in effectively single pass gain operation for said optical amplifier. 

21. The device, as described in claim 14, configured and operated as an optoelectronic 
thyristor optical amplifier in which said top P-H- emitter is said device anode, said N+ bottom 
emitter region is said device cathode and said N+ ion implanted source regions contact said n 
type inversion channel as a high impedance third tenninal input node, said DBR mirrors 
applied above and grown below the active layers to act as cladding layers for waveguide 
propagation ,said device being biased at a current level well below the threshold current of 
said thyristor laser and thus performing as an optical amplifier, said optical input being 
admitted to said active waveguide of said thyristor optical amplifier via a passive wavegxjide 
which is self-aligned to said active waveguide defined by said refiractory metal electrode and 
said N type waveguiding channel implants, said passive waveguide achieving low msertion 
loss into said active waveguide by virtue of a slightly larger energy gap in said passive region 
achieved by impurity free vacancy disordering or similar technique to achieve a minimal 
change in refractive index and hence near zero reflectivity at said passive/active waveguide 
interface, thereby resulting in effectively single pass gain operation for said optical amplifier. 

22. The device, as described in claim 14, adapted to the operation of an active waveguide 
absorption modulator of optical power in which said DBR mirrors applied above and grown 
below said active layers act as cladding layers for waveguide propagation, said N+ ion 
implanted source regions being biased negatively with respect to said P-H- emitter contact in 
order to inject electrons into said upper n type quantum well inversion channel resulting in a 
filling of said quantum wells, said P+ ion implanted source regions and said N+ lower gate 
region being cormected together and biased positively to act as a source of holes which fills 



wo 02/071490 PCT/US02/06802 

25 

said upper n type quantum well, said injected electrons and injected holes resulting in a shift 
of the absorption edge in said upper quantum well(s) to higher energies (shorter wavelengths), 
said shift in absorption edge vastly reducing the absorption of light such that said optical 
power is propagated through said device with negligible absorption compared to the xmshifted 
state at zero bias in which essentially total absorption is achieved, said optical power being 
admitted to said active waveguide via a passive waveguide which is self-aligned to the active 
waveguide defined by said refractory metal electrode and said N type waveguiding channel 
implants, said passive waveguide achieving low insertion loss into said active waveguide by 
virtue of a slightly larger energy gap in said passive region achieved by impurity free vacancy 
disordering or similar technique to achieve a minimal change in refractive index and hence 
near zero reflectivity at said passive/active waveguide interface, thereby resulting in low 
insertion loss for said waveguide modulator. 

23. The device, as described in claim 14, configured and operated as an optoelectronic 
thyristor digital optical absorption modulator for optical input signals with active layers 
sandwiched between DBR mirrors applied above and grown below said active layers to act as 
cladding layers for waveguide propagation, in which said top P++ emitter is said device 
anode, said N+ bottom emitter region is said device cathode and said N+ ion implanted source 
regions contact said n type inversion channel as a high impedance third terminal input node, 
said modulator having two states, one correspondmg to the normally off condition which is 
highly absorptive and the other corresponding to the normally on state in which both upper 
and lower quantum well levels are filled with electrons and holes such that the absorption 
edge in both sets of quantum wells is shifted to higher energies allowing passage of the optical 
signal through the waveguide with essentially no absorptive loss, said third terminal being 
biased to a current source such that after passage of said optical input signal, said thyristor is 
switched back to the off state in order to absorb a following optical signal, said optical input 
being admitted to said active waveguide of said thyristor optical modulator via a passive 
waveguide which is self-aligned to said active waveguide defined by said refractory metal 
electrode and said N type waveguiding channel implants, said passive waveguide achieving 
low msertion loss into said active waveguide by virtue of a slightly larger energy gap in said 
passive region achieved by impurity free vacancy disordering or similar technique to achieve a 
minimal change in refractive index and hence near zero reflectivity at said passive/active 
waveguide interface, thereby resulting in effectively single pass gain operation for said optical 
modulator. 
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24. The device, as described in claim 14, adapted to the operation of a dual active 
waveguide directional coupler optical switch, comprising two parallel active waveguides 
separated by an electrically isolating optical coupling region of narrow dimensions, said 
coupling region being produced by a technique such as impurity disordering wherein the 
bandgap of said region is increased slightly by thermal processing in the presence of an Si02 
overlayer, each waveguide being accessed electrically by one source node and one P-H- 
gate/emitter node, such that optical power entering a first waveguide may be coupled 
evanescently to a second waveguide over a mmimum distance with a negligible power 
component remaining in said first waveguide(cross state) or said optical power may couple 
completely back to said first waveguide (thru state) with negligible power remaining in said 
second waveguide , said coupling being initiated by the application of voltages between said 
gate/emitter and said source nodes of either waveguide, said voltages injecting electrons into 
said inversion chaimels resulting in a change in propagation constant of said first waveguide 
with respect to said second waveguide, said change in propagation constant resulting firom a 
shift in absorption edge of first waveguide with respect to second waveguide causing a 
significant change in the length to achieve complete coupling of optical power, said 
waveguides using said DBR mirrors applied above and grown below said active layers to act 
as cladding layers for waveguide propagation, said optical inputs to first and second 
waveguides being admitted to said waveguides via passive waveguides which are self- 
aligned to said active waveguides defined by said refractory metal electrodes and said N type 
waveguiding channel implants, said passive waveguides achieving low insertion loss into said 
active waveguides by virtue of a slightly larger energy gap in said passive region achieved by 
impurity disordering or similar technique to achieve a minimal change in refi:active index and 
hence near zero reflectivity at said passive/active waveguide interface, thereby resulting in 
very low insertion loss. 
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